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Abstract The preparation of heterodinuclear complexes, especially those comprising early-late transition metals coordinated by a simple or symmetrical ancillary ligand, represents a fundamental challenge and an opportunity to prepare catalysts benefitting from synergic properties. Here, two new mixed titanium(IV)-zinc(II) complexes, [LTi(OiPr)2ZnEt] and[LTi(OiPr)2ZnPh], both coordinated by a diphenolate tetra(amine) macrocyclic ligand (L), are prepared. The synthesis benefits from the discovery that reaction of the ligand with a single equivalent of titanium tetrakis(iso-propoxide) allows the efficient formation of a mono-Ti(IV) complex, [LTi(OiPr)2]. All new complexes are characterized by a combination of single crystal X-ray diffraction, multinuclear NMR spectroscopy and mass spectrometry techniques. The two heterobimetallic complexes, [LTi(OiPr)2ZnEt] and [LTi(OiPr)2ZnPh], feature trianionic coordination by the macrocyclic ligand and bridging alkoxide groups coordinate to both the different metal centres. The heterodinuclear catalysts are compared to the mono-titanium analogue, [LTi(OiPr)2], in various polymerization reactions. In the alternating copolymerizations of carbon dioxide and cyclohexene oxide, the mono-titanium complex is totally inactive whilst the heterodinuclear complexes show moderate activity (TOF = 3 h-1); it should be noted the activity is measured using just 1 bar pressure of carbon dioxide. In the ring opening polymerization of lactide and ε-caprolactone, the mono-Ti(IV) complex is totally inactive whilst the heterodinuclear complexes show moderate-high activities, qualified by comparison to other known titanium polymerization 
catalysts (L-lactide, kobs = 11 x 10-4 s-1 at 70 °C, 1 M in [lactide]) and ε-caprolactone (kobs = 5 x 10-4 s-1 at 70 °C, 0.9 M in [ε-caprolactone]).    
Introduction Synergic chemistry can take place when two metals are combined within a coordination environment either allowing through space or electronic communication so as to improve or increase the overall performance of the complex. Such heterometallic complexes have many useful applications, and have outperformed their homometallic analogues in fields such as metal-halogen exchange,1, 2 CH activation3-8 and asymmetric catalysis.9, 10 Despite the advances in preparing heterometallic complexes,11-14 heterometallic titanium homogeneous catalysts remain underexplored.15, 16 As the second most abundant transition metal in the Earth’s crust, titanium is an attractive metal for catalysis as it is sustainable, inexpensive and non-toxic.17 Furthermore, zinc is of high interest because of its low toxicity, low cost, and its lack of colour and redox chemistry. Titanium catalysts are useful in various transformations including hydroaminoalkylation reactions,18 aldol and allylic additions to ketones and aldehydes,19, 20 and  the epoxidation of alkenes.21 In polymerization catalysis, titanium complexes are particularly effective single site catalysts for olefin polymerization,22-24 and active titanium catalysts have been reported for oxygenated monomers including ε-caprolactone,15, 25-28 rac-lactide29-49 and, more recently, CO2/epoxide ring opening co-polymerization (ROCOP).27, 50-57   Heterodinuclear complexes have shown great promise in polymerization catalysis and have allowed greater activities and selectivities to be achieved.14, 58-65 Recent breakthroughs include elegant heterodinuclear transition metal complexes based on Ti/Cr and Ti/Zr, developed by Marks and co-workers, which show higher activities in olefin polymerization than previous generations of homodinuclear analogues.14, 66, 67 So far, there are fewer heterodinuclear early-late transition metal polymerization catalysts,  and those based on early-late first row transition metals are quite unusual, despite hints that cooperative activity enhancements can occur.16, 68 In 2015, the first examples of hetero-magnesium/zinc catalysts for CO2/epoxide copolymerization were reported, which showed significantly enhanced activities (5-50 times greater) compared to their homodinuclear counterparts.69, 70 The alternating copolymerization of CO2 with epoxides represents a practical and useful method of adding value to captured CO2, and there has been much recent academic and industrial interest in this field.71-78 Whilst a range of catalysts are known, those based on zinc showed particular promise and there is also recent precedent for 
titanium complexes showing activity.79 Therefore, it was of interest to investigate heterodinuclear titanium-zinc catalysts for the alternating copolymerization.  
 
Heterodinuclear Complex Synthesis and Characterisation The goal was to develop the synthesis of a hetero-Ti(IV)-Zn(II) catalyst for ROCOP. Previously, a series of di-zinc catalysts have shown very good performances,80-82 and hetero-Mg-Zn catalysts have shown even greater rates.70 As part of on-going investigations of new catalysts for alternating copolymerization, we were interested to investigate the influence of the different metal centres, therefore the same ancillary ligand (1, L) was applied; the ligand is a diphenolate tetra(amine) macrocycle. Nonetheless, a significant synthetic challenge is to develop the routes to mono-metallate such symmetrical dinucleating ligands. Previously, this was achieved using organozinc reagents and careful temperature/reaction control, so as to prepare LZn complexes. It was of interest to investigate other organometallic reagents to effect mono-metallation and in particular, to apply titanium reagents. The macrocyclic pro-ligand (1, Scheme 1) was prepared according to literature methods,81 and was subsequently reacted with one equivalent of Ti(OiPr)4 at ambient temperature, so as to form a mono-titanium complex [LTi(OiPr)2] (2). 1H NMR analysis of the reaction progress, monitored in d8-toluene, confirmed the successful double deprotonation of 1, with the loss of the phenol-OH resonances (12.10 ppm) and the disappearance of resonances associated with the Ti(OiPr)4 starting reagent (4.50 and 1.25 ppm). The 1H NMR analysis also showed the quantitative formation of complex 2, as characterised by resonances assigned to titanium coordinated iso-propoxide groups (5.13, 5.10, 1.43 and 1.27 ppm) and shifts in all the remaining ligand resonances (Fig. S1-2). 1H NMR monitoring of the reaction confirmed that the relative integration of the iso-propanol and iso-propoxide resonances was 1:1. The complex was isolated by removal of the reaction solvent and the liberated iso-propanol. Elemental analysis and MALDI-ToF analysis of the isolated solid were fully consistent with the formation of 2. DOSY NMR analysis showed that all the product resonances possess the same diffusion coefficient (Fig. S3), and calibration experiments suggested that the complex was monomeric in toluene (see ESI for further details). The ligand 1 is already known to form homodinuclear complexes of Mg(II),83 Fe(III),84 Co(II/III)85 or Zn(II).81 In contrast, the addition of a second equivalent of Ti(OiPr)4 gave the same NMR spectrum as for 2, with free Ti(OiPr)4 also observed. Hexa-coordinate Fe(III) and Ti(IV) have similar ionic radii (FeIII, 69 pm; TiIV, 74 pm), but the formation of di-Ti(IV) complexes is not observed, possibly due to steric hindrance by the iso-propoxide groups, and also because charge balance in a hexa-coordinate complex is not feasible for two M(IV) centres coordinated by the macrocycle.   
The successful synthesis of a Ti(IV) complex allowed an exploration of the coordination of other metal centres in the additional coordination site of the ligand. Thus, the addition of zinc and magnesium salts, including ZnCl2 and Mg(OAc)2, to 2 was investigated.70 No reaction was observed. As an alternative method to incorporate a second metal centre, the addition of strongly reducing metals was trialled, with the aim of incorporating an oxidised magnesium or sodium centre, and with reduction of Ti(IV) to Ti(II) or Ti(III), respectively. Magnesium metal was tested, however only traces of a new product were observed by 1H NMR spectroscopy, even after 5 days at 65 °C. Sodium metal was subsequently trialled, due to its higher reduction potential. When the reaction was performed in THF solvent, or when sodium naphthalide was pre-formed as the reductant, the 1H NMR resonances of 2 were completely absent, suggesting that a reaction had occurred. The product showed resonances corresponding to LNa2 together with as yet uncharacterized titanium complexes, revealing that redistribution of the metal centres occurred, and that this route was not a viable method to cleanly insert a second metal into the ligand scaffold. In contrast, the addition of Bronsted bases NaH or Na(N(SiMe3)2) gave sharp, well-defined spectra, suggesting the presence of a new complex, and with only a little redistribution to form LNa2. The same set of new product resonances was observed using NaH or Na(N(SiMe3)2), which suggested that the major product was L3-Ti(OiPr)2Na (Fig. S4).  As the preliminary studies suggested that the ligand could adopt a trianionic coordination mode, achieved by deprotonation of the NH, diethylzinc was selected as a reagent to prepare heterometallic complexes. The selection of zinc was driven by the excellent precedent for zinc catalysts in CO2/CHO alternating copolymerization and in lactide or ε-caprolactone polymerizations.30, 86-95 The addition of Et2Zn to a yellow solution of 2, in toluene, immediately formed a vivid orange solution (Scheme 1). Orange, block crystals were deposited from toluene solvent, after 24 hours at ambient temperature. The structure was elucidated through single crystal X-ray diffraction and revealed the product to be [LTi(OiPr)2ZnEt], 3 (Fig. 1a). When Ph2Zn was used as the organo-zinc reagent, the formation of crystals of the aryl analogue, [LTi(OiPr)2ZnPh], 4 (Fig. 1b), were yielded as orange, block crystals from a hexane/THF solution at -40 °C after 2 weeks.  Structurally characterized Zn/Ti complexes are rare, particularly those which are held in a symmetrical macrocyclic environment.96, 97     
 
 
  
Scheme 1: Synthesis of LTi(OiPr)2 (2), LTi(OiPr)2ZnEt (3) and LTi(OiPr)2ZnPh (4) 
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Reagents and conditions: i) Ti(OiPr)4, toluene, 25 °C, 1 h, 68 % isolated yield (quantitative yield by 
1H NMR); ii) 3, Et2Zn, toluene, 25 °C, 10 mins, 46% isolated yield (quantitative yield by 1H NMR); 4, 
Ph2Zn, toluene, 25 °C, 10 mins, 64% isolated yield (quantitative yield by 1H NMR).  
  Structural elucidation of 3 and 4 revealed that the two complexes are very similar, and the titanium centres are hexa-coordinate, connected to two phenolic oxygens, two iso-propoxide groups and two nitrogen centres, one of which is anionic (N8). The constraints of the tetra-coordinated macrocyclic ligand generates a distorted octahedral Ti geometry, with the cis angles ranging from 80.57(8)°-105.82(9)° (3), and 79.34(5)°-107.98(6)° (4), and the trans angles varying from 165.64(8)°-171.04(8)° (3), and 164.62(6)°-173.20(6) (4). In both 3 and 4, the zinc centre has a distorted tetrahedral geometry98 and is connected to one phenolic oxygen, one iso-propoxide group and one nitrogen centre, with an additional ethyl (3) or aryl (4) ligand present to balance the charge. The large Zn1-O11 distances [3.601(2)Å, 3; 3.599(1) Å, 4] suggest that there is no coordination of the second phenolic O atom. As a result of containing both a hexa-coordinate and a tetra-coordinate metal centre, the ligand conformation is highly distorted and the two phenol rings lie almost perpendicular to each other (ring planes inclined by ca. 87°, 3; 84°, 4). This contrasts with the commonly observed “bowl” or “step”-shaped conformation of metal complexes of 1.80-82, 85, 99   
 
Figure 1: Crystal structures of a) LTi(OiPr)2ZnEt and b) LTi(OiPr)2ZnPh.  It is also the first time that a trianionic ligand derived from 1 has been structurally characterised, demonstrating that NH deprotonation is a viable means to selectively incorporate a second metal into the complex. Only three of the four available nitrogen centres are involved in bonding to the metal atoms, and the non-coordinated nitrogen is an NH. The respective N8-C7 and N8-C9 bond lengths are 1.459(3) Å and 1.469(3) Å in 3, and 1.468(2) Å and 1.469(2) Å in 4, which rules out the presence of imine bond character. There is a clear distinction between the dative and anionic N-Ti bonds, as the anionic N-Ti bond length is significantly shorter than the N(H)-Ti bond (by 0.2 Å in 3; 0.3 Å in 4). A significant difference is also observed between the Ti-OiPr bond lengths, with the terminal iso-propoxide oxygen held 0.16 Å closer to the Ti centre than the bridging iso-propoxide oxygen, in both 3 and 4. In 3, the bridging iso-propoxide oxygen lies closer to Ti (1.975(2) Å, 3) than Zn (2.012(2) Å), whereas the iso-propoxide bridge of 4 lies almost equidistant from Ti (1.980(1) Å) and Zn (1.976(1) Å). Amine deprotonation occurs adjacent to Ti rather than Zn, which is perhaps surprising as it contrasts with reported examples of titanium zincate complexes, where it is the zinc centre which bears a formal anionic charge.96, 97, 100-104 It seems plausible that the amine ligand may donate electron density to the Ti centre and acidify the NH group so that it can be deprotonated by Et2Zn or Ph2Zn. Hydrogen bonding to N(14) provides further stabilisation for the Zn-coordinated N18-H (N18···N14 2.910(3) Å, H···N14 2.195(8) Å, N18–H···N14 136.0(10)°, 3; N18···N14 2.892(2) Å, H···N14 2.178(13) Å, N18–H···N14 135.8(16)°, 
4).    
Monitoring the reaction of 2 with Et2Zn, on a 1H NMR scale in d8-toluene, revealed the immediate loss of resonances assigned to 2 and Et2Zn, accompanied by the formation of a new set of product resonances along with ethane (0.81 ppm). A distinctive sharp 1H NMR spectrum was obtained (Fig. S5-6), where all signals were fully assigned to complex 3 as the sole reaction product. Consistent with a low symmetry complex, 21 individual resonances were observed for the benzylic, NH, OCH(CH3)2 and methylene protons. A distinctive doublet was observed at 5.66 ppm, attributed to one of the diastereotopic benzylic protons adjacent to the nitrogen anion, whereas the other diastereotopic proton was observed at 3.17 ppm. The benzylic and methylene protons adjacent to the metal-coordinated nitrogen atoms are diastereotopic, in contrast to those adjacent to the non-coordinated nitrogen. These resonances were fully assigned through COSY and HSQC experiments. Two individual OiPr CH resonances were observed (4.71 and 5.01 ppm), which hints that the solid-state structure is retained in solution, with one OiPr group bridging between two metal centres while the second is solely coordinated to Ti. DOSY analysis was performed, which confirmed that all product resonances possess the same diffusion coefficient. Comparison of the diffusion coefficient to standards gave a calculated molecular weight of 711 g mol-1, which is in good agreement with that of a monomeric species in d8-toluene (808 g mol-1). The 1H NMR spectra of 3 and 4 (Fig. S7-8) are broadly similar, and demonstrate the generality of applying other organo-zinc reagents to prepare hetero-Ti/Zn complexes.  
 
Applications in Polymerization  Heterodinuclear 3 and 4 were tested for the alternating copolymerizations of CO2/cyclohexene oxide (CHO), using 1 mol% catalyst loading (vs the epoxide, CHO) and 1 bar pressure of CO2 at 80 °C, the conditions were selected as being optimum for related di-zinc catalysts.71 Both complexes were moderately active, giving up to 53% conversion after 24 h (Table 1, entry 3) and exhibited high CO2 uptake, resulting in ~94% carbonate linkages. The polymerization was moderately well-controlled, with a MW of 2190 g mol-1 and a dispersity of 1.35. The molecular weight distribution is bimodal, a feature which has been observed with many different catalysts for this copolymerization,85, 105-107 and which has previously been shown to be due to chain transfer reactions between the catalyst and cyclohexanediol; the diol is itself formed by reaction between epoxide and trace water as was clearly demonstrated by Darensbourg and co-workers using detailed spectroscopic monitoring of polymerizations.108 Accordingly, the MALDI-ToF spectrum of the purified polymer showed two series of chains, which differed according to the chain end groups (Fig. S9). One series was a α-propoxide-ω-hydroxyl end-capped polycyclohexene carbonate, whereas the second was a telechelic polymer terminated by hydroxyl groups. The mono-titanium species 2 was completely inactive for polymerizations and no polycarbonate was 
observed after 24 hours (entry 1). The lack of activity may provide indirect support for the notion that two metals are required for catalysis.109 Furthermore, the monometallic zinc analogue, LZn, synthesized through the reaction of ligand 1 with one equivalent of either Et2Zn or Ph2Zn, has also shown no activity towards CO2/CHO copolymerization, most likely because of the lack of an initiating co-ligand.70 Comparing catalyst 3 against other known Ti(IV) catalysts for this polymerization is rather complex as other catalysts is more difficult due to the range of different conditions used and more details are provided in the ESI regarding specific data for literature catalysts (Fig. S10, Table S1).56 Even given the different conditions used in testing other catalysts, catalyst 3 appears less active than the titanium diphenolate50 or titanium bis(salphen)54  complexes (Fig. S10, Table S1).53, 56 It should however be appreciated that the other reported Ti catalysts require the addition of co-catalyst to achieve polymerizations, in the case of catalysts 3 or 4 such additives are unnecessary.  Complexes 2-4 were also tested for the ring opening polymerization (ROP) of L-lactide (L-LA) ([LA] = 1M), using 1 mol% catalyst loading (vs. L-LA) in THF solution; once again the conditions were selected as being commonly used in testing in ROP catalysis.110, 111 Heterodinuclear catalysts 
3 and 4 displayed moderate activities with high conversions being obtained in 40 minutes at 70 °C (Table 1, entry 8 and 10). The polymerization kinetics showed a first order dependence in monomer concentration (Fig. 2, LHS). The polymerization was well-controlled, with a linear correlation between the Mn and L-LA conversion and reasonable correlation between predicted and experimental values of MW, with dispersities < 1.20 in most cases (Fig. 2, RHS). The ROP of 
rac-lactide was also investigated and low hetero-selectivity was observed (Pr = 0.68, Table 1, entry 4).112 The catalyst activity of 3 (kobs = 4 h-1 (= 11 x 10-4 s-1) at 70°C, 1 mol% catalyst loading, [LA] – 1M in THF), is competitive compared to other titanium alkoxide catalysts (refer to ESI, Fig. S11 and Table S2).30-33 For example, 3 is 250 times faster, albeit at a higher concentration of monomer, than a related mono-titanium catalyst based on a diphenolate ligand scaffold (kobs = 16 x 10-3 h-1 at 100 °C, 1 mol% loading, [LA] – 0.5M in benzene, Fig. S11-E).32 In contrast to the promising activity exhibited by the heterodinuclear complexes 3 and 4, the mononuclear Ti(IV) complex 2 showed no activity at all in the ROP of L-LA (Table 1, entry 6). The heterodinuclear complex 4 which has a phenyl group attached to the zinc centre gave a slightly slower rate of propagation (6.3 x 10-4 s-1), providing some evidence that the phenyl group remains coordinated to the catalyst during the polymerization. The MALDI-ToF analysis confirms this hypothesis as it shows only polylactide chains terminated by iso-propyl (ester) and hydroxyl end groups; there was no evidence for any Zn-Et or Zn-Ph initiation of polymerizations (Fig. S12). The reactivity enhancement observed may have a steric origin; in 3, the ligand is “tied back” to expose the zinc centre, which might facilitate lactide coordination [3, N18-Zn1-O1 84.40(8)°, N18-Zn1-O45 
106.86(8)°, O1-Zn1-O45 80.38(7)°; 4, N18-Zn1-O1 86.28(6)°, N18-Zn1- O45 109.18(6)°, O1-Zn1-O45 80.66(5)°].   
Table 1. Polymerizations of CHO/CO2 and cyclic esters catalysed using complexes 2, 3 and 4. 
Entry Monomer Catalyst Time  Temp 
(°C) Conv.  (%)a Mn [Ð] Mn calc  1 b CO2/CHO 2  24 h 80 0 - - 2 b CO2/CHO 3  6 h 80 18 - - 3 b CO2/CHO 3  24 h 80 52 2190 [1.35]c - 4b CO2/CHO 4 6 h 80 23 - - 5b CO2/CHO 4 24 h 80 40 1750 [1.37]c - 6d L-LA 2 2 h 21 0 - - 7d L-LA 3 2 h 21 31 8860 [1.15]e 4510f 8d L-LA 3 40 min 70 89 12580 [1.13]e 12830f 9d rac-LA,g 3 2 h 50 92 11080 [1.45]e 13260f 10d L-LA 4 40 min 70 75 6970 [1.17]e 10750f 11h ε –CL 2 24 h 21 0 - - 12h ε –CL 3 24 h 21 86 13570 [1.26]e 9820i 13h ε –CL 3 140 min 70 94 5360 [1.21]e 5950i 14h ε –CL 4 90 min 70 94 5820 [1.33]e 10700i 
a) Determined by 1H NMR; b) Reaction conditions: 1 mol% catalyst (vs CHO); c) Determined by size-
exclusion chromatography analysis in THF, using narrow Mn polystyrene standards as the calibrant; 
d) Reaction conditions: THF, [catalyst]:[L-LA] – 1:100, [L-LA] – 1.0 M; e) Determined by size-
exclusion chromatography using a MALLS detector, using dn/dc values = 0.05 (PLA) and 0.078 (PCL) 
(refer to ESI); f) calculated using the formula Mn = DP/[cat] = (% conversion x 144.13)/1 (assuming 
one chain grows per catalyst); g) rac-lactide was used and the Pr value was determined to be 0.68 
through homodecoupled 1H NMR data112; h) Reaction conditions: THF, [catalyst]:[ε-CL] – 1:100, [ε-
CL] – 0.9 M; i) calculated using the formula Mn = DP/[cat] = (% conversion x 114.14)/1 (assuming 
one chain grows per catalyst). 
 
  
  
Figure 2: LHS: Plot of ln([L-LA0]/[L-LAt]) versus time (s) using 3 () and 4 (). RHS: Plot of the molecular weight determined by SEC (X) and calculated () versus the conversion for 3 (100 equiv. L-LA in THF, at 70 °C: [L-LA] – 1 M).   The new catalysts were also investigated for the ROP of ε-caprolactone (ε-CL), using 1 mol% 
catalyst loading (vs ε-CL), at 70 °C in THF. Once again, only the hetero-Ti(IV)-Zn complexes 3 and 
4 were active with the mono-Ti(IV) complex 2 showing no activity (Table 1). Heterodinuclear 3 displayed moderate activities (refer to ESI, Fig. S13, Table S3)25, 27 but also showed a clear induction period of approximately 45 minutes, during which very low conversions were observed. Such induction or initiation periods are common for ε-CL polymerization with other Ti and group 4 iso-propoxide catalysts,27, 113, 114 and are attributed to a structural rearrangement of the ligands of the initiator, allowing the monomer to access the metals coordination sphere prior to insertion.115-117 Intriguingly, no such induction period is observed with L-LA, which may suggest that the two monomers differ in their coordination mode to the heterobimetallic catalyst systems. After initiation, however, the polymerization progressed efficiently showing a linear fit to ln([ε-CL0]/[ε-CLt]) versus time data (Fig. 3, LHS), corresponding to a first-order dependence on 
ε-CL concentration (kobs = 5.2 x 10-4 s-1). Curiously, a much shorter induction period is observed using heterodinuclear catalyst 4, which therefore displayed much higher activity overall, in spite of the almost identical polymerization rates. Close inspection of the bond lengths and angles reveal that the Ti-OiPrterminal bond is 0.02 Å shorter and stronger in 3, which may in part account for its lower reactivity towards initiation. For both 3 and 4, MALDI-ToF analysis of the purified polycaprolactone showed two series of chains, with different end groups. While the first is an α-
propoxide, ω-hydroxy end-capped PCL, the second is more unusual, with the chain ends terminated by the ligand, and a hydroxy group (Fig. S14). This finding suggests that the anionic ligand scaffold can also act as an initiating species in catalysis, a feature which is preferably avoided to be sure of optimum performance and control.   
  
Figure 3: LHS: Plot of ln([ε-CL0]/[ε-CLt]) versus time (s) using 3 (100 equiv. ε-CL in THF, at 70 °C: 
[ε-CL] – 0.9 M). RHS: Plot of the molecular weight determined by SEC (X) and calculated () versus the conversion for 3 (100 equiv. ε-CL in THF, at 70 °C: [ε-CL] – 0.9 M).  
 
 
 
Conclusions In conclusion, two new heterodinuclear Ti(IV)/Zn(II) complexes were synthesized from a symmetrical macrocyclic ligand by taking advantage of the facility to form a mono-Ti(IV) complex first and to subsequently add an organo-zinc reagent. The new complexes are examples of early-late first row transition metal heterodinuclear catalysts. They were fully characterized using X-ray crystallographic and NMR spectroscopic studies. For this particular class of macrocycles, homodinuclear complexes are well known but heterodinuclear analogues, particularly synthesised in high yields, remain very unusual. The ligand also adopts an unexpected trianionic coordination with the metals, and the complexes contain co-ligands (alkoxides) which are effective initiators for various polymerizations.  The new heterodinuclear complexes show good performances in both the alternating copolymerization of epoxide and carbon dioxide and the ring opening polymerization of lactones/lactide. The mono-Ti(IV) complex is completely inactive which builds further evidence towards the importance of dinuclear polymerization catalysts and the potential for mixed metal synergic interactions. Generally, there is a growing evidence that heterodinuclear complexes are an important focus in polymerization catalysis; in future it will also be necessary to ensure that where possible earth abundant elements like titanium or zinc are applied so as to produce more sustainable and cost-effective catalysts. Further work is necessary to optimise the catalysis and could be directed towards the incorporation of different metals and co-ligands.  
  
Experimental Section All metal complexes were synthesized under anhydrous conditions, using MBraun gloveboxes and standard Schlenk techniques. Solvents and reagents were obtained from Sigma Aldrich or Strem and were used as received unless stated otherwise. THF and toluene were dried by refluxing over sodium and benzophenone and stored under nitrogen. Cyclohexene oxide (CHO) was dried over CaH2 and fractionally distilled under nitrogen. All dry solvents and reagents were stored under nitrogen and degassed by several freeze-pump-thaw cycles. A research grade CO2 cylinder supplied by BOC (100% purity), and fitted with a Drierite drying column, was used as the CO2 source for all copolymerisation studies. Macrocyclic ligand 1 was synthesized following literature procedures.81 NMR spectra were recorded using a Bruker AV 400 MHz spectrometer. Correlations between proton and carbon atoms were obtained by using COSY and HSQC NMR spectroscopic methods. Elemental analysis was determined by Stephen Boyer at London Metropolitan University. SEC was performed using two Mixed Bed PSS SDV linear S columns in series, with THF as the eluent, at a flow rate of 1 mL/min, on a Shimadzu LC-20AD instrument at 40 °C. For polycarbonate, the molecular weight (Mn) was determined by comparison against polystyrene standards. For polylactide and polycaprolactone, the MALLS detector was calibrated by polystyrene standards and the dn/dc values were measured using an external RID detector (Knauer) (refer to ESI). The polymer samples were dissolved in SEC grade THF and filtered prior to analysis. 
 
Complex Synthesis 
 
LTi(OiPr)2, 2: 1 (0.50 g, 0.91 mmol) was weighed into a Schlenk flask in the glovebox. Ti(OiPr)4 (0.27 mL, 0.91 mmol) was transferred into a separate Schlenk flask via syringe. Each flask was then transferred to the bench and 5 mL of toluene solvent was added (10 mL in total). The Ti(OiPr)4 solution was transferred to the suspension of 1 via cannula and the reaction mixture was left to stir at ambient temperature for 1 hour. All solvent was removed in vacuo, which formed an oily yellow solid. Hexane (7 mL) and THF (20 mL) were added, and then solvent was removed 
in vacuo to yield the product as a yellow powder (0.44 g, 68 % yield).   Two sets of resonances are observed in d8-toluene solvent at 298 K which are attributed to the presence of two conformational isomers, as has been previously observed with other organometallic complexes derived from 1.70 
1H NMR (d8-toluene, 400.20 MHz, 298 K): 7.38, 7.09, 7.01 and 6.82 (d, 1H, m-ArH), 7.30, 7.13, 7.04 and 6.93, (d, 0.8H, m-ArH*), 5.13 and 5.10 (sept., 1H, CH-OiPr), 5.12 and 4.55 (m., 0.8H, CH-OiPr*), 
4.75 (d, J = 13.7, 3.4 Hz, 1H, benzylic-CH), 4.62 (dd, J = 12.2, 3.1 Hz, 1H, benzylic-CH), 4.40 (dd, J = 12.1, 8.1 Hz, 0.8H, benzylic-CH*), 4.32 (dd, J = 12.4 Hz, 1H, benzylic-CH), 4.08 (dd, J = 11.6 Hz, 0.8H, benzylic-CH*), 3.85 (dd, J = 11.7, 7.8 Hz, 1H, benzylic-CH), 3.64 (dd, J = 12.9, 6.3 Hz, 0.8H, benzylic-CH*), 3.35 (dd, J = 12.2, 9.9 Hz, 1H, benzylic-CH), 3.27 – 2.98 (m, 6H, 2 x benzylic-CH, 4 x benzylic-CH*, 1 x methylene-CH, 1 x methylene-CH*), 2.98 – 2.83 (m, 2.6H, 1 x benzylic-CH, 1 x benzylic-CH*, NH*), 2.83 – 2.65 (m, 2.6H, 1 x methylene-CH, 2 x methylene-CH*), 2.69 – 2.54 (m, 2.6H, 1 x methylene-CH, 2 x methylene-CH*), 2.58 – 2.35 (m, 4.8H, 1 x NH, 3 x methylene-CH, 1 x methylene-CH*), 2.05 - 1.90 (m, 4.6H, 2 x methylene-CH*, 2 x methylene-CH, 1x NH), 1.62 (m, 1.8H, NH and NH*), 1.54 (m, 1.8H, NH and NH*), 1.43 (d, J = 6.1 Hz, 3H, CH3-iPrO), 1.37 (d, J = 6.1 Hz, 5H, CH3-
iPrO*), 1.34 (s, 9H, tBu), 1.31 (s, 7H, tBu*), 1.30 (s, 7H, tBu*), 1.27 (d, 6H, CH3-iPrO), 1.25 (s, 9H, tBu), 1.19 (s, 2.4H, C(CH3)2*), 1.03 (d, 3H, CH3-iPrO), 1.02 (s, 3H, C(CH3)2), 0.98 (s, 3H, C(CH3)2), 0.86 (s, 2.4H, C(CH3)2*), 0.71 (s, 3H, C(CH3)2), 0.58 (s, 2.4H, C(CH3)2*),  0.31 (d, J = 5.9 Hz, 5H, CH3-
iPrO*), 0.11 (s, 3H, C(CH3)2).     
13C NMR (d8-toluene, 100.63 MHz, 298 K): 128.2, 126.9, 124.3, 122.0 (m-Ar), 129.3, 127.1, 124.4, 124.2 (m-Ar*), 78.0 and 75.7 (CH-OiPr and CH-OiPr*), 62.2, 60.6, 58.0 and 57.7 (methylene-CH2), 62.7, 60.9, 58.0 and 56.9 (methylene-CH*), 57.4, 57.0, 52.2 and 51.4 (benzylic-CH2), 55.8, 53.6, 52.2 and 51.9 (benzylic-CH2*), 36.3, 35.3, 34.7, 34.1, 33.9 and 33.8 (quat. tBu, tBu*, CMe2 and CMe2*), 32.1, 32.0, 31.9 and 31.8 (tBu, tBu*, CH3-iPrO* and C(CH3)2*), 27.1 (C(CH3)2*), 26.9 (CH3-
iPrO), 26.7 (C(CH3)2), 26.6 (CH3-iPrO), 26.4 (CH3-iPrO*), 26.2 (CH3-iPrO), 25.5 (C(CH3)2*), 24.1 (C(CH3)2). Not all quaternary carbon resonances were not observed.  Anal. Calc. for LTi(OiPr)2:C, 67.02; H, 9.56; N, 7.82. Found: C, 66.84; H, 9.66; N, 7.71 MS (MALDI-TOF): m/z 657.8 [LTi(OiPr)]+ (100%)    
LTiZn(OiPr)2Et, 3: 1 (0.50 g, 0.91 mmol) was suspended in toluene (5 mL). To this suspension, a solution of Ti(OiPr)4 (0.27 mL, 0.91 mmol) in toluene (5 mL) was added. The reaction mixture was stirred at ambient temperature for 1 hour then all volatiles were removed in vacuo. Toluene (5 mL) was added, followed by Et2Zn (93 μL, 0.91 mmol), which gave an immediate colour change from yellow to orange. After 10 minutes, approximately half the solvent was removed in vacuo. Orange crystals were obtained overnight at ambient temperature (0.33 g, 46% yield).  
  1H NMR (d8-toluene, 400.20 MHz, 298 K): 7.09 (d, 1H, m-Ar(HH)), 7.01 (d, 1H, m-Ar(HA)), 6.98 (d, 1H, m-Ar(HE)), 6.91 (d, 1H, m-Ar(HD)), 5.68 (d, J = 15.8 Hz, 1H, HD), 5.60 (dd, J = 11.1 Hz, 1H, NHG), 5.26 (d, J = 12.4 Hz, 1H, HC) 5.00 (d, J = 6.0 Hz, 1H, CH-OiPr), 4.71 (d, J = 6.0 Hz, 1H, CH-OiPr), 4.52 (dd, J = 13.3, 10.4 Hz, 1H, HH), 4.08 (dd, J = 11.8 Hz, 1H, HA), 3.68 (d, J = 13.5 Hz, 1H, HH), 3.24 (dd, J = 12.1 Hz, 1H, HB), 3.18 (d, J = 16.1 Hz, 1H, HD), 3.00 – 2.91 (m., 4H, HG, HA, HE), 2.62 – 2.45 (m., 5H, HC, HF, HG, NHA), 2.01 (d, 11.2 Hz, 1H, HB), 1.73 (m, 4H, NHE and Zn-CH2-CH3),  1.46 and 1.45 (d, J = 5.9 Hz, 3H, CH3-iPrO), 1.40 (d, J = 5.9 Hz, 3H, CH3-iPrO), 1.33 and 1.31 (s, 9H, tBu), 1.29 (d, J = 5.9 Hz, 3H, CH3-iPrO), 0.94 and 0.79 (s, 3H, C(CH3)2), 0.70 (dq, 2H, J = 7.9 Hz, 1.6 Hz, Zn-CH2-CH3), 0.46 and 0.28 ppm (s, 3H, C(CH3)2). 
13C NMR (d8-toluene, 100.63 MHz, 298 K): 160.6 (i-Ph), 138.6 (quat. Ar-C), 127.9 (Ar-CHH), 126.6 (Ar-CHA), 125.1 (Ar-CHE) and 123.6 (Ar-CHD), 77.4 (CHC), 75.1 (CH-OiPr), 69.8 (CH-OiPr), 65.3 (CHD), 64.4 (CHB), 57.0 (CHF), 56.7 (CHG), 55.9 (CHA), 52.3 (CHH), 51.2 (CHE), 37.7, 34.6, 33.9 and 33.8 [quat. C, tBu and C(Me)2], 32.1 [C(CH3)3], 31.9 [C(CH3)3], 31.1 [C(CH3)2], 28.3 [C(CH3)2], 28.1 (CH3-iPrO), 27.3 (CH3-iPrO), 27.2 (CH3-iPrO), 27.0 (CH3-iPrO), 26.5 [C(CH3)2], 23.9 [C(CH3)2], 14.2 (Zn-CH2-CH3), -1.0 (Zn-CH2-CH3). Not all quaternary aromatic carbon signals were observed. Anal. Calc. for LTiZn(OiPr)2Et: C, 62.26; H, 8.96; N, 6.91. Found: C, 61.86; H, 8.81; N, 6.86. Due to the air-sensitivity of LTiZn(OiPr)2Et, suitable MS data could not be collected. 
 
LTiZn(OiPr)2Et, 4: Complex 4 was synthesised following the general procedure described for 3. Immediately after the addition of Ph2Zn (0.20 g, 0.91 mmol), the solution changed colour from yellow to orange. The reaction mixture was allowed to stir for 1 hour, and solvent was subsequently removed in vacuo, to yield 4 (0.50 g, 64% yield). 
1H NMR (d8-toluene, 400.20 MHz, 298 K): 7.94 (dd, J = 8.0 Hz, o-Ph, 2H), 7.40 (dd, J = 7.9, 6.9 Hz, 
m-Ph, 2H), 7.28 (t, J = 8Hz, p-Ph, 1H), 7.15 and 7.05 (d, 1H, m-Ar(HA) and m-Ar(HH)), 7.00 (d, J = 
2.3 Hz, 1H, m-Ar(HE)), 6.98 (d, J = 2.7 Hz, 1H, m-Ar(HD)), 5.81 (dd, J = 11.0 Hz, 1H, NHG), 5.66 (d, J = 15.5 Hz, 1H, HD), 5.24 (d, J = 12.5 Hz, 1H, HC), 5.04 (sept, J = 6.0 Hz, 1H, CH-OiPr), 4.71 (sept, J = 6.1 Hz, 1H, CH-OiPr), 4.64 (dd, J = 13.8, 10.3 Hz, 1H, HH), 4.34 (m, 4H, NHE), 4.14 (dd, J = 11.8 Hz, 1H, HA), 3.56 (d, J = 13.6 Hz, 1H, HH), 3.23 (dd, J = 12.1 Hz, 1H, HB), 3.15 (d, J = 15.7 Hz, 1H, HD), 3.05 – 2.88 (m., 5H, HA, HE, HG, HF), 2.69 (dd, J = 14.1 Hz, 12.1 Hz, 1H, HG), 2.52 (dd, J = 12.5 Hz, 4.1 Hz, 1H, HC), 2.43 (dd, J = 12.7 Hz, 5.6 Hz, 1H, HF), 1.99 (d, J = 11.4 Hz, 1H, HB), 1.74 (m, 1H, NHA),  1.40, 1.37, 1.33 and 1.23 (d, 3H, CH3-iPrO), 1.29 and 1.29 (s, 9H, tBu), 0.83 and 0.76 (s, 3H, C(CH3)2), 0.43 and 0.25 ppm (s, 3H, C(CH3)2). 
13C NMR (d8-toluene, 100.63 MHz, 298 K): 139.7 (o-Ph), 139.1 (quat. C), 138.8 (quat. C), 127.5 (m-Ph), 127.1 and 126.7 (Ar-CHA and Ar-CHH), 126.3 and 126.1 (quat. C), 125.6 (p-Ph), 125.6 (Ar-
CHE), 123.6 (Ar-CHD), 77.5 (CHC), 75.3 (CH-OiPr), 70.0 (CH-OiPr), 65.4 (CHD), 64.4 (CHB), 57.2 (CHG), 56.7 (CHF), 56.0 (CHA), 52.6 (CHH), 51.2 (CHE), 37.8, 34.6, 33.9 and 33.8 [quat. C, tBu and 
C(Me)2], 32.1 [C(CH3)3], 31.8 [C(CH3)3], 30.9 [C(CH3)2], 28.4 [C(CH3)2], 27.4 (CH3-iPrOH), 27.2 (CH3-
iPrOH), 27.1 (CH3-iPrOH), 26.8 (CH3-iPrOH), 26.5 [C(CH3)2], 23.9 [C(CH3)2]. Not all quaternary aromatic carbon signals were observed. Anal. Calc. for LTiZn(OiPr)2Ph: C, 64.37; H, 8.46; N, 6.53. Found: C, 64.06; H, 8.32; N, 6.28. Due to the air-sensitivity of LTiZn(OiPr)2Ph, suitable MS data could not be collected. 
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